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Abstract 
HASTELLOY® G-35® alloy was developed to provide corrosion resistance to the most difficult phosphoric acid environments. Good 
corrosion behavior was found from testing in the laboratory and has been confirmed by industrial applications. The alloy has been selected 
for the fabrication of the heat exchangers used to reheat the acid in the concentration loop. These heat exchangers are widely used in USA. 
Their technical as well as economical performances surpass the graphite heat exchangers previously used. They bring better reliability and 
additional safety. The replacement of the graphite heat exchanger by a G-35 alloy metallic one can be done without any other modification 
of the units, since the thermal performance is very similar. The return on investment is done in months thanks to the productivity gains 
which allow an output increase and thanks to the savings on the cost of production and maintenance. 
© 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Selection and /or 
peer-review under responsibility of the scientific committee of SYMPHOS 2011. 
1. Introduction 
Fertilizer production is a key factor in the feeding of the human beings and one type of fertilizer is the phosphorus 
containing fertilizer. Phos-acid has been produced for decades from phosphate rocks. Rocks are chemically attacked by 
sulfuric acid, resulting in weak phos-acid (26% P2O5) at temperature 80°C maximum. This diluted acid must be concentrated 
in order to produce commercial products such as NPK, DAP, MAP fertilizers or super phosphoric acid (ASP). This 
concentration operation is a key step of the phos acid processing. It is done in a concentration loop made of an evaporator 
under vacuum, a heat exchanger to maintain the temperature of the 54% P2O5 phos acid at about 80 °C and a recycling 
pump. The proper working of the equipment is linked to the solutions found for tube plugging and corrosion. 
The plugging is the result of gypsum precipitation and the remedy consists of very frequent cleaning cessions of the 
tubing either by chemical or mechanical ways. This operation is a key factor of the yield of the installation.  
To solve the corrosion problem, producers can choose between graphite or metallic solutions. 
In this article, the two different solutions are compared in order to show the benefits and the drawbacks of both of them. 
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2. Material Selection for the Heat Exchanger 
Heat exchangers of the phos acid concentration loops are key equipment in the production and yield of phos acid 
concentration units and are a direct consequence of their reliability. Graphite has been initially selected for the heat 
exchangers fabrication for example on the Rhone-Poulenc process [1]. At that time, these heat exchangers were made of 
graphite blocks with holes to insure the phos acid and the vapor ways. Then, graphite producers were able to produce tubing 
which can be today as long as 6 meters and tubular heat exchangers have replaced the graphite blocks heat exchangers in the 
most recent units. 
The other solution consists of metallic tubing heat exchangers. In the 80’s, initial trials were done on special stainless 
steel [2]. But the stainless steels demonstrated too many failures for this application. This is why some nickel-base alloys 
producers developed some alloys able to be used. They are known as Hastelloy® G-3, G-30®. They demonstrated much 
better corrosion resistance than the stainless steels, but still not good enough to insure an accepted lifetime of the heat 
exchangers of the concentration loop. This is why a new alloy has been developed by Haynes International at the beginning 
of the 2000’s years: Hastelloy alloy G-35®. 
2.1. Hastelloy G-35® alloy Main Features 
1. Definition 
This alloy is a nickel base alloy with high chromium content (33%). Addition of chromium always improves alloy 
corrosion resistance in oxidizing environments. With an 8% Molybdenum addition, this alloy is also resistant to the 
localized corrosion induced by the halides such as pitting and crevice corrosion. Table 1 provides the compositions of 
different alloys and stainless steels that have been or still are used in phos acid environments. 
Table 1 
  
Alloy/ SS Ni Cr Fe Mo W Cu Mn Si C 
Alloy 28 31 27 Bal. 3.5 - 1.2 1 0.7 0.015 
Alloy 31 31 27 Bal 6.5 - 1.2 1.2 0.3* 0.015* 
Alloy
G-30® 43 30 15 5.5 2.5 2 1.5* 0.8* 0.03* 
Alloy
G-35® Bal. 33 2* 8 0.6* 0.3* 0.25 0.6* 0.02* 
  *max, **min 
One can notice that Alloy G-35 does not contain iron, so this alloy is a member of the Ni-Cr Mo family and it contains 
more nickel, chromium and molybdenum than any of the compared alloys or stainless steels. It has been developed 
especially for phos-acid applications. 
2. Uniform Corrosion Resistance 
a. Phosphoric Acid 
Corrosion resistance in phos-acid has been initially determined by laboratory testing. Figure 1 and 2 provide the results of 
two different trials. The first set has been realized by Haynes International using phos-acid produced from Florida rocks at 
36%, 48% and 54% P2O5 at 121°C during 96 hours. The benefit of G-35 alloy over alloy G-30, alloy 31 and alloy 
28 is clear. They show a corrosion rate less than 0.1mm/y in 54% P2O5 acid at 121°C. This limit is generally 
considered as acceptable for an industrial application. 
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Figure 1: Corrosion rate in phos-acid (mm/y) 
The second set was made by Office Chérifien des Phosphates [4] on 54% C acid produced from Moroccan rocks. The 
results show the thickness loss versus time. The diagram illustrates the G-35 alloy benefit compared to other 
alloys (G-30, 28, 31). 
  
  
Figure 2: Thickness loss versus time in 54%  
Obviously, these two sets of results are from lab testing, and it is well-known that it is difficult to extrapolate such results 
to get a corrosion rate in an industrial application, especially in phos-acid where the impurities in the acid contain depend on 
the phosphate rocks and the process. But, they show that G-35 alloy exhibits better corrosion resistance in 54% P2O5 at 
relatively high temperature (90°C) than the other compared materials: these conditions are those encountered in the 
concentration loops. 
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b. Sulfuric Acid 
It is interesting to consider the corrosion resistance of G-35 alloy in dilute sulfuric acid. Such an acid can be used to 
dissolve the gypsum which has deposited on the walls of the tubing. Figure 3 represents the isocorrosion curve in sulfuric 
acid. Alloy G-35 is very resistant in concentrations less than 20%. Accordingly, cleaning operation using diluted sulfuric 
acid will induce almost no corrosion on this alloy.  
    
    
   
Figure 3:  0.1mm/an isocorrosion plot in sulfuric acid 
c. Impurities  
Main impurities during the phos-acid concentration are sulfur trioxide and halides. A Russian phos-acid producer[5]  
conducted lab testing on industrial 37% P2O5 acid adding fluorides (1.72%) and sulfur trioxide (1.3%) @ 70°C 
for 615 hours. The corrosion rate was 0.001mm/y and demonstrates the excellent G-35 alloy behavior when in 
the presence of these impurities.
3. Localized Corrosion Resistance 
When selecting an alloy, it is common to question the localized corrosion resistance induced by chlorides. In the case of 
the phos-acid concentration, the main problem is coming from the built-up of a gypsum scale on the tubing walls. Under 
these deposits, the chloride concentration increases, the thermal transfer is reduced leading to a temperature increase where 
crevice corrosion can occur. To prevent this phenomenon, molybdenum content is a key parameter in alloy design. One can 
determine the corrosion localized resistance either by testing (i.e. ASTM G-48[6]) or PREn calculation[7]: 
   PRE = % Cr + (3.3 x % Mo) + (30 x % N) 
The highest PREn value is, the highest the crevice corrosion resistance. 
  
Table 2:CCT (Critical Crevice Temperature) 
ASTM G 48 Methods (C and D)  
6% FeCl3 + 1% HCl; 72 hours  
Alloy PREn CCT°C 
Alloy 28 38 17.5 
Alloy 31 54 42.5 
Alloy G-30 48.2 37.5 
Alloy G-35 60 45 
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The results are given in Table 2. Clearly G-35 alloy is the most resistant alloy considered for this application, especially 
more resistant than G-30 alloy which has had failure in this application mainly because of under deposit corrosion. 
4. Conclusion 
From these results, one can conclude that G-35 alloy presents the best corrosion resistance characteristics and can be 
considered as a reliable material for heat exchangers of the phos-acid concentration loops. Its corrosion resistance allows 
selection of a tube wall that can provide a fairly good heat transfer as well as the requested lifetime of the equipment. 
3. Design of G-35 Alloy Heat Exchanger 
1. Definition 
The heat exchangers that have been built to date use a classical solution with G-35 alloy straight tubing and tube sheets. 
The tubing are welded, cold drawn and annealed. Thus, the weld is recrystallized and offers a corrosion resistance as good as 
the base material. 
Classical operating conditions for a 400T/day unit are as follows: 
•  Concentration at 54% 
• Acid inlet temperature 85°C 
• ¨T : 2.5°C 
• Flow : 7000 m3/h 
• Steam Temperature : 140°C 
Design calculation demonstrates that a graphite heat exchanger can be replaced by a metallic one with no problems.  In 
these conditions, the exchange surface is about 450 m² which fits with the graphite heat exchanger sizes. 
Tubing diameter is a critical parameter since it provides the flow speed and consequently it impacts the plugging 
phenomenon as well as the heat transfer. Most of the time, designers have set tubing diameters between 25 and 43mm. The 
thickness is the results of the mechanical properties, the corrosion rate and the expected lifetime. It can vary from 2 to 3mm. 
The G-35 tubing length is not limited at 6 meters  like graphite tubing and longer tubing can be used in new units ( i.e. 7 or 9 
meters). A greater length allows a higher flow rate and better heat transfer, which could reduce the plugging phenomenon 
which helps the heat exchange surface [8]. 
2. G-35 Alloy Metallic Equipment Benefits 
Today, more than 30000m of G-35 tubing are in service on concentration loop in USA. The oldest are 6 years old and 
provide good information on the benefits that the production people have seen compared to the previously used graphite 
equipment: 
a. Equipment availability rate 
The main benefit of the G-35 tubing usage is in the fight against plugging. Graphite heat exchangers have severe 
problems with fast plugging due to a gypsum deposit that forms in the blocks or in the tubing. This phenomenon is greater as 
the temperature difference between the acid inlet and the outlet temperature is increased (¨T). In the graphite block heat 
exchanger, ¨T could be higher than 6°C while in the G-35 heat exchanger, it is around 2.5°C. Thus the gypsum precipitation 
is minimized.  Additionally the smooth surface condition of the metallic tubing allows fewer initiation points for the deposit. 
Consequently, the cleaning frequency, which is the key operation to maintain the heat transfer at a proper level, is reduced. 
Another benefit is that the length of the cleaning operation is shorter for the metallic tubing for two reasons: 
• A “smooth or slow” temperature increase or decrease is requested for graphite to avoid breakage.  Metallic units can be 
cooled or heated rapidly. 
• Cleaning can be performed using more efficient methods: high pressure water and/or diluted acids (i.e.: H2SIF6) with 
no fear of mechanical breakage. 
Based on the pending usage, it can be anticipated that the productions hours lost due to the “unplugging” phase can be 
reduced by 4 or 5 times leading to a huge increase of the equipment availability rate. 
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b. Maintenance cost 
Experience shows that the metallic G-35 heat exchangers do not need any particular maintenance. Corrosion rate is under 
control, no breakage can occur during the cleaning operations as opposed to graphite heat exchangers. Repairs, if needed for 
extraordinary reasons, can be easily done as opposed to the graphite heat exchanger repairs. 
c. Life time 
Pending usages show that uniform corrosion is the unique factor to limit the lifetime of the heat exchangers if the 
cleaning operations are properly planned. But in fact, they must be planned properly not only for corrosion reasons but also 
to insure the maximum yield of the equipment. In these conditions, one can expect a 12 years lifetime. No catastrophic 
failures due to breakage can happen. 
4. Conclusion
  
After numerous research, developments and trials, an alloy has been identified as a reliable solution for the construction 
of heat exchangers of the phos-acid concentration loop (54% or 70%): Hastelloy alloy G-35. Its corrosion resistance is the 
best of all metallic potential solutions identified for the application. No major problems are expected to build such heat 
exchangers. They can replace all graphite equipment since the required space is almost the same. In use, these heat 
exchangers provide safety, reliability and higher yield. The initial investment is higher than for graphite equipment, but the 
increased initial cost is paid back by the productivity gain. 
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